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The drive to eat is controlled by neuronal circuits in the hypothalamus that respond to hormones
signaling hunger or satiety. In this issue of Cell, Yang et al. (2011) reveal an AMPK-dependent
synaptic pathway that sustains excitatory stimulation of the NPY/AgRP neurons that promote
feeding behavior until satiety signals kick in.Metabolic hormones such a ghrelin, sig-
naling food deprivation, and leptin, sig-
naling satiety, stimulate synaptic activity
and plasticity within the neuronal circuits
in the hypothalamus that control feeding
behavior (Pinto et al., 2004). This process
was suggested to play an important role
in regulating metabolism (Horvath and
Diano, 2004). However, the mechanisms
that bring about these rapid changes in
synaptic connectivity and activity and
how long they persist remain ill defined.
In this issue of Cell, Yang et al. (2011)
provide a remarkable set of novel findings
pinpointing intracellular and intercellular
substrates of synaptic plasticity on the
orexigenic NPY/AgRP neurons. Their
findings demonstrate why the response
to a pulse of the appetite-stimulating hor-
mone ghrelin can persist for hours, and
how it can be turned off in response to
a pulse of leptin. Using in vitro electro-
physiological approaches to record from
neurons marked by the expression of the
neuropeptide NPY, most of which also
synthesize the neuropeptide AgRP, the
authors found that food deprivation in-
creases the frequency of action potentials
in the these neurons (referred to as AgRP
neurons by Yang et al.). The increased
activity occurs through an AMPA-medi-
ated increase in frequency of miniature
excitatory postsynaptic currents (mEPSCs)
onto these cells.
This increase in excitatory inputs is
driven by AMPK- and ryanodine re-ceptor-mediated calcium release from
internal stores in presynaptic sites. Ad-
ministration of ghrelin mimicked the
effect of food deprivation on mEPSCs in
in vitro experiments, consistent with
ghrelin’s previously identified action on
midbrain dopamine neurons (Abizaid
et al., 2006). The authors demonstrate
that calcium/calmodulin-dependent pro-
tein kinase kinase (CAMKK) activates
AMPK in response to ghrelin to unleash
synaptic activity that exhibits hysteresis,
i.e., it can persist for hours. The hyster-
etic nature of this signaling is likely due
to the positive feedback loop between
calcium release triggered by AMPK
activity, which in turn leads to additional
AMPK activity promoted by CAMKK.
The enhanced synaptic transmission
was switched off by the appetite-sup-
pressing hormone leptin, which activates
the pro-opiomelanocortin (POMC) neu-
rons. Intriguingly, the authors show that
opiods derived from these neurons,
most likely b-endorphin, reverse the
AMPK-mediated upregulation of excit-
atory inputs onto AgRP neurons (Fig-
ure 1A). The findings thus provide a puta-
tive physiological explanation for why
mammals no longer feel the drive to eat
once satiety is reached.
Changes in synaptic transmission oc-
cur within a very short period of time in
response to the changing metabolic envi-
ronment. One of the ingenious aspects of
the work of Yang et al. is that the authorsCell 146, Serecognized that such a physiological
phenomenon is virtually impossible to
thoroughly investigate with any available
transgenic or knockout technology.
Thus, the authors used elegantly applied
pharmacological tools to test and answer,
in a manner not previously attempted,
fundamental questions about synaptic
transmission governed by metabolic
signals.
Conceptually, the work of Yang et al.
(2011) builds on previous reports that
have proposed mechanisms related to
AgRP neuronal plasticity, but the authors
excel in providing a refined and unifying
framework for synaptic regulation, main-
tenance, and resetting by metabolic al-
terations. The AgRP neurons have been
considered the primary responders to
gut-derived metabolic hormones such as
ghrelin. This notion is left in the dust by
the study of Yang et al., whose findings
point to an AMPK-dependent presynaptic
mechanism that kicks off adaptation
to ghrelin. This presynaptic mechanism
likely acts in synergy with autonomous
cell adaptations that occur within the
AgRP neurons, allowing them to increase
firing rate in a sustained way in response
to food deprivation (Takahashi and
Cone, 2005) or ghrelin (Kohno et al.,
2008) in the absence of synaptic inputs.
This cell-autonomous mechanism is also
dependent upon AMPK, as well as on
downstream mitochondrial factors and
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Figure 1. AgRP Neurons Respond to Changing Metabolic States
(A) In response to food deprivation and the ghrelin hormone, a presynaptic pathway involving a positive feedback loop of AMPK-mediated calcium release
stimulates the activity of AgRP neurons. The activity of these neurons is known to drive feeding behavior. The hormone leptin signals satiety and induces the
POMCneurons to release opioids that turn off the AMPK pathway and, consequently, AgRP neuronal activity. POMCneurons are also known to have an inhibitory
synaptic connection with AgRP neurons mediated by GABA, NPY, and/or AgRP.
(B) Under in vivo conditions, a combination of mechanisms likely contributes to the regulation of AgRP neuronal activity. In addition to the presynaptic
signaling pathway uncovered by Yang et al., there may be postsynaptic and cell-autonomous intracellular signaling cascades. In addition, the
AMPK-dependent presynaptic mechanism could also be located in other cell types, such as the POMC neurons and astrocytes (yellow). Ghrsr1 is the ghrelin
receptor.(Andrews et al., 2008; Kohno et al., 2008;
Dietrich et al., 2010) (Figure 1B).
Yang et al. did not identify the presyn-
aptic cells that undergo AMPK-depen-
dent calcium release to stimulate AgRP
neurons. The presynaptic nature of the
effect was concluded based in part upon
comparing the effects of AMPK inhibitors
when permitted to affect all cells versus
when restricted to AgRP neurons by
direct intracellular delivery. Thus the iden-
tities of the cells that are mediating the
responses to food deprivation and ghrelin
remain in question. The data presented
by Yang et al. indicate that presynaptic
boutons in direct contact with the AgRP
neurons might be the site where the intra-
cellular events involving AMPK, calcium
mobilization, and opioid action take place
to affect release probabilities. This is a
very reasonable assumption, and the cells
of origin of these terminals will be of
interest to pursue. However, other mech-
anisms may also be in place in support
of this process. For example, astrocytes
that surround glutamatergic synapses
could also contain the AMPK-dependent
machinery to modulate synaptic plasticity
and neurotransmitter release probability
by regulating the synaptic bioenergetics864 Cell 146, September 16, 2011 ª2011 Elsand/or neurotransmitter uptake (Fig-
ure 1B). Alternatively, in line with the
conclusions of the current study, the
opioid factor released by the POMC
neurons could diffuse into the arcuate
nucleus, a cluster of hypothalamic neu-
rons that are involved in neuroendocrine
responses, resulting in local modulatory
activity. In addition, although the current
report focused on the role of the excit-
atory projections onto the AgRP neurons,
it is also possible that inhibitory synapses
may be involved in regulating AgRP neu-
ronal excitability.
Finally, it is worth noting that the exper-
iments performed by Yang et al. were
in vitro recordings. In such settings, the
milieu is different from physiological situa-
tions in which AgRP neurons are active.
For example, the media used for record-
ings contained an 11 mM concentration
of glucose. This level of glucose is at least
a magnitude above that which occurs
during a food-deprived state, and it is
substantially higher than that of the fed
state. Lower, more physiological levels
of glucose in such in vitro conditions
were shown to have differential effects
on AgRP neurons depending on postsyn-
aptic AMPK content (Claret et al., 2007).evier Inc.Additionally, the effect of the AMPK
activator AICAR (used by Yang and
colleagues as well) on feeding behavior
was blunted in mice lackingmitochondrial
uncoupling protein 2 (Andrews et al.,
2008), suggesting that AMPK’s role in
hypothalamic circuit regulation may be
more complex.
In summary, the tour-de-force study by
Yang et al. highlights a fundamentally
novel mechanism that depicts regulatory
principles of hypothalamic AgRP neurons
in a paradigm-shifting manner. The paper
indicates that the current dogma that
AgRP neurons represent the first-order
neurons in brain sensing peripheral meta-
bolic status may need to be revised.REFERENCES
Abizaid, A., Liu, Z.-W., Andrews, Z.B., Shanab-
rough, M., Borok, E., Elsworth, J.D., Roth, R.H.,
Sleeman, M.W., Picciotto, M.R., Tscho¨p, M.H.,
et al. (2006). J. Clin. Invest. 116, 3229–3239.
Andrews, Z.B., Liu, Z.W., Walllingford, N., Erion,
D.M., Borok, E., Friedman, J.M., Tscho¨p, M.H.,
Shanabrough, M., Cline, G., Shulman, G.I., et al.
(2008). Nature 454, 846–851.
Claret, M., Smith, M.A., Batterham, R.L., Selman,
C., Choudhury, A.I., Fryer, L.G.D., Clements, M.,
Al-Qassab, H., Heffron, H., Xu, A.W., et al. (2007).
J. Clin. Invest. 117, 2325–2336.
Dietrich, M.O., Antunes, C., Geliang, G., Liu, Z.W.,
Borok, E., Nie, Y., Xu, A.W., Souza, D.O., Gao, Q.,
Diano, S., et al. (2010). J. Neurosci. 30, 11815–
11825.Horvath, T.L., and Diano, S. (2004). Nat. Rev.
Neurosci. 5, 662–667.Kohno, D., Sone, H., Minokoshi, Y., and Yada, T.
(2008). Biochem. Biophys. Res. Commun. 366,
388–392.Cell 146, SePinto, S., Roseberry, A.G., Liu, H., Diano, S.,
Shanabrough, M., Cai, X., Friedman, J.M., and
Horvath, T.L. (2004). Science 304, 110–115.
Takahashi, K.A., and Cone, R.D. (2005). Endocri-
nology 146, 1043–1047.
Yang, Y., Atasoy, D., Su, H.H., and Sternson, S.M.
(2011). Cell 146, this issue, 992–1003.ptember 16, 2011 ª2011 Elsevier Inc. 865
